Effective and safe drug administration in neonates should be based on integrated knowledge on the evolving physiological characteristics of the infant who will receive the drug and the pharmacokinetics (PK) and pharmacodynamics (PD) of a given drug. Consequently, clinical pharmacology in neonates is as dynamic and diverse as the neonates we admit to our units while covariates explaining the variability are at least as relevant as median estimates. The unique setting of neonatal clinical pharmacology will be highlighted based on the hazards of simple extrapolation of maturational drug clearance when only based on 'adult' metabolism (propofol, paracetamol). Second, maturational trends are not at the same pace for all maturational processes. This will be illustrated based on the differences between hepatic and renal maturation (tramadol, morphine, midazolam). Finally, pharmacogenetics should be tailored to neonates, not just mirror adult concepts. Because of this diversity, clinical research in the field of neonatal clinical pharmacology is urgently needed and facilitated through PK/PD modeling. In addition, irrespective of already available data to guide pharmacotherapy, pharmacovigilance is needed to recognize specific side effects. Consequently, pediatric anesthesiologists should consider to contribute to improved pharmacotherapy through clinical trial design and collaboration, as well as reporting on adverse effects of specific drugs.
Summary
Effective and safe drug administration in neonates should be based on integrated knowledge on the evolving physiological characteristics of the infant who will receive the drug and the pharmacokinetics (PK) and pharmacodynamics (PD) of a given drug. Consequently, clinical pharmacology in neonates is as dynamic and diverse as the neonates we admit to our units while covariates explaining the variability are at least as relevant as median estimates. The unique setting of neonatal clinical pharmacology will be highlighted based on the hazards of simple extrapolation of maturational drug clearance when only based on 'adult' metabolism (propofol, paracetamol). Second, maturational trends are not at the same pace for all maturational processes. This will be illustrated based on the differences between hepatic and renal maturation (tramadol, morphine, midazolam). Finally, pharmacogenetics should be tailored to neonates, not just mirror adult concepts. Because of this diversity, clinical research in the field of neonatal clinical pharmacology is urgently needed and facilitated through PK/PD modeling. In addition, irrespective of already available data to guide pharmacotherapy, pharmacovigilance is needed to recognize specific side effects. Consequently, pediatric anesthesiologists should consider to contribute to improved pharmacotherapy through clinical trial design and collaboration, as well as reporting on adverse effects of specific drugs.
Clinical pharmacology in neonates: limited size and extensive variability
When a drug is administered, it is with the intention to attain a proportional therapeutic effect (e.g., analgesia, sedation, muscular relaxation), preferably without disproportional adverse effects (e.g., prolonged sedation, hypotension, toxicity). Clinical pharmacology aims to predict such (adverse) effects based on drug-, population-, and patient-specific pharmacokinetics (PK) and pharmacodynamics (PD). PK describe the relationship between a drug concentration at a given site (e.g., plasma, cerebrospinal fluid) and time ('what the body does to the drug'). PD describe the relationship between a drug concentration at a given site and (adverse) effects ('what the drug does to the body'). These general principles of clinical pharmacology obviously also apply to neonates, but their specific characteristics warrant a population-focused approach (1) (2) (3) (4) (5) . These specific characteristics mainly relate to developmental physiology and are also reflected in the different topics covered in this special issue on neonates and include -but are not limited to -the neonatal cardiovascular system, lung, and brain. Historical observations on the gray baby syndrome (chloramphenicol toxicity related due to impaired glucuronidation), the neonatal gasping syndrome (benzyl alcohol toxicity, coadministrated as excipient in the setting of impaired alcohol clearance capacity), or hexachlorophene bathing (increased transcutaneous absorption and limited clearance capacity, aimed to reduce impetigo) encephalopathy all illustrate the obvious clinical need to know more about neonatal pharmacology to avoid further tragedies (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Growth and development throughout pediatric human life comprise of a series of simultaneously ongoing physiological events that result both in growth and maturation, commonly subdivided into subpopulations (newborn, infancy, childhood, and adolescence). Across this pediatric life span, organ size and function change as does body composition and ultimately cellular function and metabolic activity. This will affect populationspecific pharmacokinetics (6) (7) (8) (9) (10) . In addition, some tissues may be more sensitive to pharmacologic effects early in life, irrespective of a given concentration or exposure, whereas others will be less. This will affect population-specific pharmacodynamics (6) (7) (8) (9) (10) . The issue on apoptosis following exposure to analgosedatives and anesthetics during infancy is a reflection of such population-specific vulnerability (11), similar to dexamethasone (impaired cerebral growth, cerebral palsy) (12) or exposure to nephrotoxic compounds during nephrogenesis in preterm neonates (reduced number of glomeruli, up to 34-36 weeks postmenstrual age) (13) .
There is already one order of magnitude difference in weight (0.5 to 5 kg) in the population currently hospitalized in neonatal intensive care units, similar to the full pediatric size spectrum (5-50 kg). The height velocity rate (10-20 cmÁyear À1 ) in the last trimester of intrauterine life and the first months of extrauterine life, the increase in body weight (50% increase in the first 6 weeks, and three times in the first year of life), and the total energy requirements of infancy further illustrate the dynamics of an evolving biological system, characterized by growth and maturation as most crucial features (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Because maturational physiological changes are most prominent in infancy, variability is the key feature of clinical pharmacology in infancy: developmental pharmacology is applied developmental physiology. From a clinical pharmacology perspective, the consequence of such a rapidly changing system is that there is extensive within-and between-subject variability in drug disposition and effects in early life. This maturationrelated variability is further aggravated by interfering pathological processes (e.g., growth restriction, sepsis, associated cardiopathy, organ failure) or treatment modalities (e.g., comedication, extracorporeal membrane oxygenation, surgical intervention). Consequently, there is an obvious need to focus on the covariates contributing to this variability within this population as well as quantification of median estimates.
Maturational pharmacokinetics consider maturational changes in either drug absorption, distribution, metabolism, and elimination (ADME), while maturational pharmacodynamics consider maturational changes in the concentration-effect profile, for example, differences in receptor expression, function, or specific tissue/organ maturational sensitivity (either more or less vulnerable) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Absorption relates to physicochemical characteristics and patient factors that influence the translocation of a given compound from its exposure site (e.g., enteral, pulmonary, cutaneous) to the bloodstream or another effect compartment. Distribution describes the transfer of a specific drug from one location to another (e.g., tissues, organs, fluid spaces) within the body and is commonly quantified by the distribution volume [V d = total amount of a given drug/concentration]. Although this volume of distribution not necessarily represents a physiological volume or space, it is commonly affected by maturational physiological changes like body composition, regional blood flow, organ size, barriers, or plasma protein concentrations. Metabolism and elimination clearance (i.e., excretion) together reflect the clearance capacity, that is, the volume of blood or plasma from which a drug is completely removed per unit of time. Table 1 provides some illustrations on the impact of population-specific characteristics on the pharmacokinetics of compounds also administered in the perioperative period (1, 9, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
For compounds commonly used in perioperative medicine [e.g., cefazolin (15) , paracetamol (20) compared to midazolam (22) , morphine (25) ], the newborn displays a higher distribution volume (lÁkg À1 ) for watersoluble drugs, necessitating a higher loading dose (kg À1 ) to reach a given plasma concentration (12, 16, 18, 20) . In contrast to this higher initial dose, the lower clearance capacity (lÁkg À1 Áh) results in the need for lower maintenance doses (lower dose or prolonged dosing interval) to avoid accumulation (15, 20, 22, 25) . It is only once that maturational PK have been taken into account and that maturational differences in PD can be explored. The perception that the effects of a given drug are different in the newborn is often due to the fact that PK have not yet been adequately studied in this population. The same dose (e.g., kg
À1
) in a newborn may result in a different concentration/time profile and subsequent different effects.
To illustrate this, we would like to summarize the available PK/PD data on paracetamol in neonates (20, 21, (26) (27) (28) (29) (30) (31) (32) . Because of slower gastric emptying, absorption at the duodenal level will be slower after oral administration, while rectal administration does not result in predictable exposure (26) . Because of differences in body composition (e.g., higher body water content) and because of the fact that paracetamol is a water-soluble compound, the distribution volume (0.6 lÁkg À1 ) is higher in the newborn: the peripheral volume of distribution decreases from 27 weeks postmenstrual age (45 lÁ70 kg À1 ) to reach 110% of its mature value by 6 months of age (20, 27) . The delayed absorption and the more extensive distribution will result in a delayed, blunted peak paracetamol concentration when compared to children or adults. Subsequent metabolic clearance of paracetamol through sulfation matures more rapidly than glucuronidation, which is still poor in neonates. This results in lower clearance and slower decrease after the peak paracetamol concentration has been reached. Because of this lower clearance, accumulation is more likely (20, 21, 27) . Subsequent toxicity related to paracetamol accumulation will depend on both the capacity to produce highly reactive electrophilic arylating metabolites (e.g., N-acetyl-p-benzoquinone-imine [NAPQI]) by the hepatic cytochrome P-450-dependent (CYP) E1 mixed function oxidase enzyme system, as well as NAPQI detoxification capacity through glutathione conjugation (21, 28) .
As opposed to PK, PD is only poorly described in neonates (29) . Paracetamol PD is no exception. To further address potential maturational differences in analgesia (PD outcome variable), pain scores were collected in neonates and effect was estimated when an effect compartment paracetamol concentration of 10 mgÁl À1 was attained (30) . The pain relief in neonates at this concentration was similar to that described in children following adenotonsillectomy (30, 31) . Although preliminary, these data suggest that population-related differences in paracetamol analgesia mainly relate to PK and not to PD differences (30, 31) . Similarly, the opioid sparing effect of intravenous paracetamol in noncardiac neonates has recently been described (32) . However, some paracetamol PD aspects may be specific to the neonatal population. There are reports of the association -not necessary causal -between paracetamol exposure during infancy or even during fetal life and the subsequent risk of developing atopy-related syndromes (33, 34) . Even more intriguing, reports on an association between paracetamol exposure and patent ductus arteriosus closure in a limited number of extreme preterm neonates have been published (35, 36) . However, causality cannot yet be taken for granted because a link between the physiology of ductal closure and the pharmacology of paracetamol is unknown. This is because it is assumed that paracetamol has only modest effects at peripheral sites and is a poor anti-inflammatory and antithrombotic compound (29, 35, 36) . There are several recent reviews on the impact of maturation of absorption, distribution, metabolism, and elimination on PK in neonates (1-10,37) . Consequently, the unique setting of neonatal clinical pharmacology will be highlighted based on the hazards of simple extrapolation of maturational drug clearance when only based on 'adult' metabolism (propofol, paracetamol). Second, maturational trends are not at the same pace for all maturational processes. This will be illustrated based on the differences between hepatic and renal maturation (tramadol, morphine, midazolam). Finally, pharmacogenetics should be tailored to neonates and not just mirror adult concepts.
Neonatal drug metabolism is not just a 'miniaturized' adult pattern Drug metabolizing enzymes are crucial in drug biotransformation and elimination. Consequently, drug metabolizing isoenzyme-specific ontogeny will affect neonatal drug clearance. Profound changes in drug metabolizing enzyme expression occur during development that impacts on drug effect and the risk of adverse events in the neonate (7, 8, 10) . The current knowledge suggests that individual drug metabolizing isoenzymes can be categorized into one of three classes based on developmental trajectories. A first group of enzymes (e.g., CYP3A7, SULT1A3/1A4) are expressed at their highest level in fetal life. Their activity will decrease and disappear over the first 2 years of life. The second group consists of enzymes (e.g., CYP3A5, CYP2C19, SULT1A1) that only display a moderate increase after birth and become more active in later pediatric life. The third group (e.g., CYP2D6, CYP3A4, CYP2C9, CYP1A2) displays modest ontogeny in the second or third trimester of pregnancy with another relevant increase in phenotypic activity throughout infancy (7, 8, 10) .
Although the concept is very helpful to explain and even predict maturational drug disposition, this should be used cautiously. Clearance maturation for two drugs that share common elimination pathways in adults may differ. We cannot simply miniaturize 'major' and 'minor' routes of elimination as documented in adults to neonates. In the absence of an adult 'major' route, an 'minor' route, either metabolic or primary elimination may turn to be a more relevant route of elimination clearance in neonates (e.g., caffeine elimination is through renal clearance in neonates and is metabolized by CYP1A2 in adults). To illustrate this further, we refer to observations on propofol metabolism in adults compared to neonates and put these into perspective based on similar paracetamol data (17, 18, 38, 39) .
Propofol is highly lipophilic. Consequently, clearance depends on hepatic metabolism and is perfusion limited, with subsequent urinary elimination of conjugated metabolites. Different human cytochrome isoforms (hydroxylation, mainly CYP2B6, 22%) are involved in propofol metabolism, while primary glucuronidation (77%) is the most relevant metabolic pathway in adults after single intravenous bolus administration (3 mgÁkg
). In contrast, hydroxylation contributed 65% and glucuronidation only 34% in neonates (18, 38) . These proportional differences in the absence of other routes of elimination are of clinical relevance because this explains the impact of both postmenstrual and postnatal age (covariates of phenotypic glucuronidation capacity) on propofol clearance in neonates (0.029 9 [postmenstrual ageÁ38 ) (39) . Despite the fact that the main route of elimination of paracetamol in adults is also through glucuronidation, the same 'magic of 10 days postnatal age' does not apply to paracetamol pharmacokinetics in neonates and size is the main covariate of paracetamol clearance in neonates. This is because in the setting of poor glucuronidation capacity, sulfation capacity and even primary renal elimination become more relevant routes of paracetamol elimination in early life until glucuronidation capacity improves (20, 21) .
Renal and hepatic maturation: the need for an integrated interpretation
The main routes of clearance of drugs and metabolites are the kidneys and hepatobiliary system. Primary elimination clearance is mainly through the kidneys, while metabolic clearance is mainly through the liver. The renal elimination capacity is reflected by diuresis (free water clearance only), glomerular filtration rate (GFR), and renal tubular activity (reabsorption and secretion). The extensive variability in early infancy relates to maturation (e.g., age, birthweight) and disease characteristics (e.g., peripartal asphyxia, renal congenital malformations, comedication, or growth restriction) (2, 5) . Similar to renal elimination, the phenotypic variation in hepatic elimination relates to constitutional, disease-related, and genetic factors. In infancy, the main driver is age-dependent phenotypic enzymatic activity. Obviously, drug metabolizing enzymes play a crucial role in the extent of drug biotransformation to elimination, and ontogeny of hepatic drug metabolizing enzymes can significantly alter drug clearance throughout infancy (8) (9) (10) . However, the maturation pattern of the individual renal or hepatic elimination processes differs substantially. This implies that it is important to integrate all ontogeny-related knowledge of the different elimination routes to predict compound-specific, phenotypic in vivo observations in neonates: there is no such thing as an isolated neonatal kidney or liver, but only newborns in need of improved predictability.
Besides aspects related to the distribution volume, the phenotypic concentration of a metabolite will depend on both metabolite formation and subsequent metabolite elimination. We shall illustrate the clinical relevance of such an integrated approach based on observations on morphine (glucuronidation, subsequent renal elimination) (25, 40) , midazolam (oxidation and glucuronidation, subsequent renal elimination) (22) , and tramadol (O-and N-demethylation, subsequent renal elimination) (41, 42) . CL2M1 was very low in preterm neonates, irrespective of the CYP2D6 polymorphism with subsequent rapid maturation. The subsequent slope of the increase was depending on the individual CYP2D6 activity score (41) . However, these studies mainly focused on the total clearance and only marginally considered the potential impact of the metabolite formation maturation compared to subsequent metabolite elimination clearance. his is of clinical relevance, because morphine glucuronides (analgosedation), 1-hydroxy-midazolam (sedation), and O-demethyl tramadol (analgesia) all have potential significant effects. Children with renal failure can display respiratory depression form morphine-6-glucuronide despite clearance of the parent morphine (25, 40) . A model for additive morphine and morphine-6-glucuronide respiratory effects described the respiratory rate and respiratory depression better than models describing either alone (25, 40) . Impaired morphine-6-glucuronide renal elimination resulted in respiratory depression episodes occurring later than those predicted by modeling morphine levels only. The same phenomenon can be anticipated for 1-hydroxy-midazolam (prolonged and deeper sedation in the setting of impaired glucuronidation) and has been described for tramadol metabolite disposition (41, 42) .
A recent exploration of the tramadol and O-demethyl tramadol time-concentration profiles that also took the renal maturation into account described that O-demethyl tramadol, the phenotypic concentration, was already in the therapeutic range in near-term neonates. This is not because of the high phenotypic CYP2D6 activity, but because CYP2D6 activity maturation is faster when compared to metabolite elimination clearance (through glomerular filtration rate) (42) . The highest metabolite concentrations occur in the 52-week infant, where formation clearance (hepatic, CYP2D6) to O-demethyl tramadol is already mature but metabolite elimination clearance (through glomerular filtration rate) still is immature. Because different routes (CYP2D6, CYP3A, and primary renal clearance) are involved in overall tramadol clearance, differences in CYP2D6 activity do not necessary affect overall tramadol, but only the contribution of the different routes. Figure 1 illustrates the impact of renal impairment on the tramadol and O-demethyl tramadol profiles in a fullterm neonate (3.2 kg, 1 mgÁkg À1 intravenous bolus of tramadol). The thresholds in renal impairment used (À20% and À40%, respectively, compared to À80%) in these models refer to the decrease in renal function during exposure to ibuprofen or indomethacin in neonates (42) . Neonates can be considered as having renal impairment as one of their basic physiological characteristics (2,7).
Pharmacogenetics should be tailored to neonates, not just mirror adult observations
The concept of pharmacogenetics reflects the assumption that a specific effect or risk is not randomly distributed in a (sub)population. This obviously also hold promises for improved predictability and tailored drug therapy in neonates and young infants (43) . There are published observations on the impact of pharmacogenetics on in vivo phenotypic CYP2D6 (e.g., tramadol, codeine) (41-43), CYP2C19 (e.g., pantoprazole) (43) , or N-acetyl transferase (NAT)2 (44) (e.g., isoniazid) activity in early life. However, such isoenzyme-specific observations have been explored based on genotype-phenotype concordances as described in adults and -to a certain extent -still approach the infant as 'a small adult' (when does genotype-phenotype concordance appears?). In addition to 'adult type' approaches, there are also potential age-specific concordances between genotype and phenotype only present in perinatal life. In this way, pharmacogenetics should be tailored to clinical research questions in perinatal life, and not only mirror findings in adults. There are, however, a limited number of maternal-infant pharmacogenetic studies that serve as illustrations of the potential relevance to apply the concepts of pharmacogenetics to perinatal life when tailored to neonates and infants related to codeine and paracetamol, respectively (24, 33, 43) .
Sistonen et al. documented that a combination of maternal genetic markers (i.e., CYP2D6 and P-glycoprotein polymorphisms) predicted 87% of the infant and maternal codeine-related CNS depression cases with a sensitivity of 80% and a specificity of 87% in a cohort of 111 breastfeeding mother-infant pairs (24) . The same approach has been used in the Avon Longitudinal Study and relates to paracetamol. This study explored the impact of polymorphisms (nuclear erythroid 2 p45-related factor 2 [Nrf2] polymorphism and glutathione S-transferase [GST, M1, T1, and P1] polymor- ) in a term newborn (3.2 kg). A newborn with a normal glomerular filtration rate (GFR) is compared with a newborn with a GFR reduction of 20% and 40% in GFR (equal to the reduction during ibuprofen or indomethacin exposure, respectively) or 80% (41, 42) . phisms) on the strength of the association between paracetamol exposure during pregnancy and the risk to develop atopy during infancy (33) . It was observed that the increased risk of atopy was associated with exposure to paracetamol in late gestation in the presence of maternal GSTM1 and was further enhanced when GSTM1 was also present in the infant. Consequently, it seems that maternal antioxidant gene polymorphisms modified the relation between prenatal acetaminophen exposure and childhood asthma, strengthening evidence for a causal, polymorphism-related association (33) .
How to handle ever more compounds in search of guidance?
The current special issue on neonates reflects the increase in knowledge on different aspects of (patho) physiology in this specific population, commonly referred to pediatric anesthesiologists because of surgical interventions or analgosedation to facilitate procedural interventions. This increase in knowledge also applies to pharmacotherapy in neonates. However, off-label administration is still common, while evidence-based pharmacotherapy in neonates is limited. The best way to address this gap is to design and to contribute to properly designed trials on PK/PD of the compounds commonly administered by pediatric anesthesiologists, using appropriate formulations and assessment techniques. The recently published paper on the opioid sparing effects of intravenous paracetamol in noncardiac neonates is a good illustration of its feasibility (32) . Taking the emerging data on neuroapoptosis into account, the relevant outcome variables of opioid reduction in neonates may differ from the commonly considered (e.g., sedation, bladder retention, constipation), but may relate to neurodevelopmental outcome (11) . The good news is that there is indeed an ongoing research activity. A search on the www.clinicaltrials.gov website (February 2013) revealed 50 ongoing studies for the search terms 'newborn' and 'anesthesia', 'newborn' and 'pain' revealed 84 ongoing studies. Similarly, the revised priority list for studies into off-patent pediatric medical products (January 13, 2012) includes tetrastarch, clonidine, propofol, thiopental, diclofenac, gabapentin, or ibuprofen and provides opportunities to further improve perioperative pharmacotherapy www.ema.europa.eu/docs/en_GB/document_library/ others/2009/10/WC500004017.pdf (accessed 09 February 2013). Moreover, for new compounds of potential relevance in pediatric medicine, manufacturers need to perform the appropriate studies as part of their product development plan (pediatric investigation plan). This increase in studies is also associated with an increase in methodologies how to design and perform these studies.
Modeling -based on either physiology-based or mechanism PK modeling -improved the knowledge on maturation and subsequent dose estimations to guide study design or clinical decisions. Physiology-based PK models combine the available physiological and biochemical information that drive absorption, distribution, metabolism, and excretion (45, 46) . The same aim, that is, improved predictability and study design based on the best possible guess, can be attained through mechanismbased modeling (6, 47) . In these models, already available information on the PK of a given drug will be applied to estimate the PK of a drug that has similar chemical characteristics and elimination routes. In general, there has been a renewed interest in modeling to improve drug development efficiency, especially in populations where designing and conducting clinical studies are more challenging, such as infants or newborns. In contrast to the emerging PK modeling, there remains a need for clinically applicable tools to assess PD that can provide response feedback. This has been achieved for neuromuscular monitoring, but not yet fully for depth of anesthesia, sedation, or pain in early infancy.
Irrespective of the availability of trial data to guide pharmacotherapy in neonates, clinicians need to be aware that most trials are primary useful to evaluate efficacy. Studies are not the most appropriate method to collect data on (rare) adverse drug effects, where pharmacovigilance and surveillance following the widespread use are needed (48) . Alongside the regulatory agencies, investigators and clinicians should also remain vigilant for such effects and report specific observations. To illustrate this, we refer to recent reports on opioidinduced hyperalgesia (49) , delirium (50) , and propofol infusion syndrome (51) in early infancy.
